Abstract In the present study we analyzed the influence of density heterogeneity in the sedimentary cover on estimates of the effective elastic thickness (EET) of the lithosphere based on a cross-spectral analysis of gravity and topography data. The fan wavelet coherence technique was employed to calculate EET for most of Europe and adjoining southern mountain belts. We employed Bouguer gravity anomalies and topography corrected for the effect of density variations within sediments. Correcting for sediments considerably suppresses the effect of unexpressed subsurface loads and substantially reduces EET estimates in areas with negligible topography variations as it was demonstrated for North Europe and East European Platform. The results show a good correspondence between the EET patterns and tectonic fragmentation of Europe and better agree with independent estimates based on the strength model of the lithosphere. Therefore, considering of the effect of sediments is essential for correct determinations of EET in flat areas.
Introduction
The strength of the lithosphere is an important factor in initiating and developing tectonic processes, deforming the lithosphere, and controlling distribution of seismicity (e.g., Watts, 2001; Willett et al., 1985) . Therefore, characterizing its variation is essential for geodynamic modeling of tectonic processes. Effective elastic thickness (EET) is a useful proxy for lithosphere strength and has been used for these purposes for decades (Burov & Diament, 1995; Watts, 2001) . Generally, there are two different approaches for determining EET. The first approach is based on a cross-spectral analysis of the gravity field and surface topography/bathymetry (e.g., Forsyth, 1985; Kirby, 2014) . The other approach estimates the lithospheric strength based on integrative 3-D models based on seismic, gravity, and other geophysical data, which combine different parameters, such as density, composition, and temperature distributions in the crust and upper mantle (e.g., Burov & Diament, 1995; Tesauro et al., 2009 ).
Europe has been extensively studied using both methods; however, the obtained results are diverse in many cases (e.g., Cloetingh & Burov, 1996; McKenzie, 2003; Pérez-Gussinyé & Watts, 2005; Tesauro et al., 2009 Tesauro et al., , 2012 . A comparison of two studies represents the sophisticated realizations of both techniques. In the first,
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Key Points:
• Considering the effect of sediments significantly reduces estimates of the lithospheric effective elastic thickness in flat areas • Correcting for sediments suppresses the effect of unexpressed subsurface loads and substantially reduces calculation uncertainties • The results show a good correspondence between the effective elastic thickness variations and tectonic fragmentation of Europe
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• Data Set S1 Nearly all previous studies based on the cross-spectral analysis considered only topography and bathymetry in the surface loading model. More recently, it has been demonstrated that including sediments could significantly contribute to both gravity anomalies and surface loading (e.g., Chen et al., 2015) . Especially in areas with negligible topography variations, density variations within the sedimentary layer may represent a major part of the surface load and, therefore, might bias the EET estimations based on the correlation between topography and gravity. Many recent studies provided detail information on the structure of the sedimentary cover for different regions around the Earth (e.g., Mooney & Kaban, 2010; Stolk et al., 2013; Tesauro et al., 2008; Whittaker et al., 2013) . These data give the possibility to recheck previous EET estimates based on the analysis of the gravity field and topography/bathymetry. In this study, we estimate EET variations for most of Europe and the surroundings using a fan wavelet coherence method (e.g., Kirby & Swain, 2006 applied to the fields corrected for the effect of sediments. Furthermore, we compare the results obtained using the traditional analysis of the gravity field and topography with those that include density variations in the sedimentary layer.
Initial Data
The study area includes most of Europe, excluding the northern part and some segments of the Arabia-Eurasia collision zone (Anatolia, Zagros, the Lesser Caucasus, Alborz, and part of the Kopet Dagh; Figure 1a ). In the north, the area is limited by high-resolution data on the sedimentary cover, which are taken from the EuCRUST-07 model (Tesauro et al., 2008) . For topography and bathymetry, we use the ETOPO-1 (Amante & Eakins, 2008) and SRTM30_PLUS (Becker et al., 2009 ) models. Whenever possible, the latter employs ship-track data, which are independent of satellite altimetry directly related to the gravity field and, therefore, are more suitable for cross-spectral analysis. The initial gravity field data (free-air anomalies; Figure 1b ) are based on the Eigen-6c4 model (Förste et al., 2014) , which combines data from recent satellite missions and available terrestrial/airborne determinations. The maximal resolution is about 10 km (2,190 spherical harmonics degree/order); however, in the continental part, the true resolution depends on terrestrial data availability.
As previously discussed, density variations within the sedimentary layer may represent a significant part of the surface load. To implement these variations, we use several high-resolution crustal models available for the study area. The EuCRUST-07 model (Tesauro et al., 2008) provides data for most of Western and Central Europe. Further to the East, for the remainder of Europe, we employ data from Kaban (2001 Kaban ( , 2002 . For the Arabia-Eurasia collision zone and surroundings, a compilation of high-resolution data on the sedimentary layer structure is presented in . The resolution of all data sets is 15 0 × 15 0 or higher. The combined map of sedimentary thickness in the study area is shown in Figure 1c .
The described data sources also provide average density of sediments in each point of the grids. The vertically averaged values are based on density-depth relations, which are determined for each specific basin (Tesauro et al., 2008) . This parameter is used to estimate the corrected or "adjusted" topography (H), which represents the total result of loading combining variations in topography/bathymetry (t) and the density heterogeneity of sediments (Chen et al., 2015) :
where ρ s is the averaged density of sediments for each point of the grid, S is the sedimentary thickness, and 2,670 and 1,030 kg/m 3 , respectively, are the standard densities of topography and water. The adjusted topography is shown in Figure 1d . In the flat areas with thick sediments, one can observe substantial additional variations compared to the observed topography, for example, in the North German Plains, Pannonian Basin, and the East European basins ( Figure 1a ).
The initial gravity field (free-air gravity anomalies) is correspondingly corrected for the same effects of topography and sediments. Gravity effects from topography/bathymetry and sediments are computed and removed from the observed gravity field, which allows us to calculate standard Bouguer anomalies and residual Bouguer anomalies with the removed effect of sediments relative to the standard density of topography. These effects have been computed for all density variations within 222 km (2°) from each point taking spherical effects into account. More details on the computation technique are provided in and Kaban, El Khrepy, Al-Arifi, Tesauro, et al. (2016) . Therefore, we have calculated two pairs of the fields, which are each used to calculate the EET. The first set combines the traditional Bouguer anomalies (including the correction for water) and topography with bathymetry corrected for water density. The second set of the anomalies comprises the residual Bouguer anomalies and adjusted topography, which are additionally corrected for the effect of sediments.
To calculate the EET, we also need variations of the crust-mantle boundary (Moho) because it represents the principal density contrast that provides compensation for the surface load. We use the same EuCRUST-07 model (Tesauro et al., 2008 ) and a recent compilation of Kaban, El Khrepy, Al-Arifi, Tesauro, et al. (2016) for the remaining area not covered by the first one. The effect of potential uncertainties in the Moho models on EET estimates is of the second order and only marginally affects them (Pérez-Gussinyé et al., 2009; Kirby & Swain, 2009 ).
Method
We employ the fan wavelet coherence method to estimate the EET (Kirby & Swain, 2004 . As shown in several studies, the coherence estimates have the advantage of being much less sensitive to the unknown internal load with respect to those obtained from the admittance method (e.g., Forsyth, 1985; Kirby & Swain, 2008) . In the recent study of Chen et al. (2017) , both methods were compared for EET determinations of the Antarctic lithosphere. Those authors demonstrated that, despite a general similarity of the results obtained with both methods, the coherence estimates were more robust and characterized by much less uncertainty.
The squared-real coherency (simply coherence in the following text) of the adjusted topography and residual Bouguer anomalies at scale (s) and location (x) is determined according to Kirby and Swain (2006, 2011) as
where H and B are the wavelet transforms of the adjusted topography and Bouguer anomalies, respectively; s and θ are the scale and azimuth of the Morlet wavelet; < > θ is the averaging over azimuth, and x is the location of the calculation point in the 2-D grid. The wavelet scale (s) is related to the equivalent wave number as k = |k 0 |/s, where |k 0 | is the central wavenumber of the wavelet. Following Kirby and Swain (2009, 2011) , we determine the square of the real part of the coherency.
Using different |k 0 | values, one can change the spatial resolution of the computed EET variations. As suggested by Kirby and Swain (2011) , four values of this parameter (2.668, 3.081, 3.773, and 5.336) are primarily used for calculations; they correspond to the Morlet wavelets with the first sidelobes 1/16, 1/8, 1/4, and 1/2 relative to the central one. By increasing |k 0 |, more stable results are obtained, but the spatial resolution decreases. The low-|k 0 | wavelets have poorer wavenumber-domain resolution which sometimes gives very large EET estimates. A reasonable choice for this parameter is particularly important for areas with high EET. As demonstrated by Kirby and Swain (2011) , to resolve a high EET of more than 50-60 km, |k 0 | should not be chosen too high.
To determine EET, the predicted coherence is estimated for a series of EET values at each point and compared with the observed one. For the predicted coherence, a load deconvolution method, initially introduced by Forsyth (1985) , is employed. According to this method, the initial surface and subsurface loads are assumed to be uncorrelated, with the latter one assumed to be at the Moho depth. Finally, the predicted coherence is estimated as in Kirby and Swain (2011) . More details on the calculated predicted coherence can be found in Audet and Mareschal (2007) and Chen et al. (2017) . Because the effect of data uncertainties increases at short wavelengths, the misfit between the observed and predicted coherence is weighted by the inverse wavenumber (Kirby & Swain, 2006 .
The presence of unexpressed subsurface loads can substantially bias EET estimates. To assess this effect, one can calculate the normalized squared imaginary part of the coherency for the free-air gravity anomalies (Γ 2 F;I ; Kirby & Swain, 2009 ):
where G sxθ is the transform of the free-air gravity. This value should not exceed 0.5 in the vicinity of the transitional wavelength; otherwise, the results might be affected by unexpressed subsurface loads (Kirby & Swain, 2009 ).
Results
Calculated variations of the effective elastic thickness of the lithosphere for both cases (with and without considering sediments) are shown in Figures 2a and 2b . Based on a comparative analysis of different results and previous studies (Chen et al., 2015 (Chen et al., , 2017 , we chose the central wavenumber of the Morlet wavelet, |k 0 | = 3.081. This value provides reasonable stability of the results and the possibility to resolve high EET values.
The map computed without considering sediments (Figure 2a ) is very close to the previous calculations of Pérez-Gussinyé and Watts (2005) and the global study of Audet and Bürgmann (2011). Similar to their work, we observe high values of EET in the East European Platform (EEP), which extends to Northern Europe and the British Isles. Other large-scale features are also in agreement. This confirms the consistency of the calculations based on various techniques and data sources. However, considering the effect of sediments on the gravity field and surface topography significantly changes the result in areas where the topography variations are negligible and density variations within the sedimentary cover dominate (Figure 2b ). In these areas, the new EET estimates are substantially reduced compared to the previous results. The main changes are generally observed in the flat areas of Northern Europe and the EEP. The main differences of the new map are that high values are restricted to east of the TESZ; while the UK, France, and Germany are now characterized by much lower EET values (Figure 2a) . Later, we discuss the spatial variations of the calculated EET. It is also important that consideration of the density variation of sediments reduces the areas with high values of the normalized squared imaginary part parameter, where the obtained EET estimates are less reliable, especially in areas with flat topography (40% vs. 51% for the northern parts of Europe and EEP), and reduce uncertainties of the calculated EET (Figures 2c and 2d ).
To illustrate these results, we provide coherence graphs and misfit curves for several locations, in which the effect of sediments is particularly important (Figure 3) . In all cases, the estimated EET decreases when the gravity effect from sediments is considered. The most pronounced decrease corresponds to Central and Northern Europe, where the estimated EET is 2-4 times less. When considering the effect of sediments, the misfit curves also show more pronounced minima. As suggested by Watts et al. (2006) , possible uncertainties in the calculated EET can be estimated from the misfit curve; the lower and upper limits correspond to the misfit ε = 1.05 ε min of the minimal one. The uncertainties shown in Figure 2c and 2d represent half of the difference between the upper and lower limits. Indeed, we observe a significant reduction of this parameter when considering the effect of sediments. For most of Western Europe, potential uncertainties in the estimated EET with the sediments' correction are within ±5-10 km. For the areas with high EET, they can be larger and reach ±20-30 km, for example, in the EEP (Figure 2d) . Therefore, the principal variations in the lithosphere strength (low-medium-high) can be accurately resolved.
Discussion
One of the basic assumptions of the cross-spectral method used to estimate EET implies that the surface and subsurface loads are uncorrelated (e.g., Forsyth, 1985) . This is often not the case for sediments, which are frequently accumulated in topographic depressions. As already pointed by Artemjev and Kaban (1991) , this effect can cause overestimations of the lithosphere EET. On the other hand, in relatively flat areas, the correlation between the topography and Bouguer gravity anomalies is often lost due to low-amplitude signals, which are significantly less than the unexpressed load (e.g., Figure 3 , EEP). The fast decrease in correlation might be interpreted as high EET values of the lithosphere. Our analysis demonstrated that including the effect of density variations within the sedimentary cover is essential, at least when topography variations are very low. In areas with rough topography, both data sets provide similar results. In the following discussion, we analyze the EET map including the effect of sediments (Figure 2b ).
To interpret the estimated EET variations, we compare them with seismic velocity anomalies in the mantle and other estimates of EET obtained from strength modeling. Seismic velocities largely depend on temperature (e.g., Cammarano et al., 2003; Goes et al., 2000) , which is also one of the main factors controlling lithospheric strength (e.g., Cloetingh & Burov, 1996) . S wave velocity variations at a depth of 100 km according to the model of Schaeffer and Lebedev (2013) are shown in Figure 4a . The EET estimates based on strength modeling are presented in Figure 4b (Tesauro et al., 2009) . The last map is obtained based on an integrative analysis of thermophysical models of the crust and upper mantle.
Even if there are discrepancies in the amplitudes between the values of the new EET estimates (Figure 4c ) and those obtained by Tesauro et al. (2009;  Figure 4b ), we can observe better correspondence of the new results in terms of distributions relatively low (<30 km) and high (>40 km) EET zones. Indeed, the new EET estimates, as those of Tesauro et al. (2009) , show a distinct difference between the relatively weak lithosphere in Western Europe and strong lithosphere in Eastern Europe. This division fits the TESZ, in agreement with both the seismic tomography and strength models of the lithosphere (Figure 4) . In contrast, the EET Figure 4 . (a) S wave anomalies at a depth of 100 km (Schaeffer & Lebedev, 2013) . (b) Effective elastic thickness of the lithosphere determined from the strength model of the lithosphere (Tesauro et al., 2009) . (c) Effective elastic thickness estimated in the present study with the effect of sediments.
estimates based on the topography and gravity field show very high values of EET (>100 km) for the entire area north of 50°N, which disagrees with the existing geophysical data. Furthermore, EET is also reduced in the EEP, which is divided into several domains compared to the homogeneous high EET zone in Figure 2a . The strongest lithosphere is observed in the central and eastern parts (EET > 70 km), while the southwestern part, including the Ukrainian Shield and surroundings, is characterized by values reduced to 40-50 km (Figures 2b and 4c ). In the area adjoining the Dnieper-Donets Rift, EET decreases even more to about 20 km (Figure 2b) .
West of the TESZ, we observe several zones characterized by EET values mostly reduced to~10-15 km (Figure 2b ), which are likely affected by recent plume activities (e.g., Ziegler & Dèzes, 2006) . In addition to the Pannonian Basin and Massif Central, these are the Eifel volcanic fields and part of the Bohemian Massif, which were characterized by high EET according to the previous calculations. Most of these features are also resolved in the strength model ( Figure 4b) ; however, the difference in the amplitude is much less. Outside of Europe, the Anatolian block and Lesser Caucasus have similar low EET values where relatively high strain rates also contribute to the reduction in lithospheric strength.
For the mountain belts, where the topography load dominates, the new results are in agreement with previous studies and show generally low EET values as for the Alps (15-25 km) and Pyrenees (~10 km). Mouthereau et al. (2013) argued that the lithospheric strength of the collision belts is inherited from the strength of the plates at the time of collision. Subsequently, despite the relatively thick lithosphere, the strength is likely reduced due to high deformation rates. Furthermore, we should consider that the resulting increase in the crustal thickness often raises the temperature at the base of the crust and thus promotes decoupling of the crust and upper mantle and, consequently, a strong reduction in EET (Burov & Diament, 1995; Tesauro et al., 2009 ).
The principal differences in the lithosphere EET are observed between the western and eastern parts of the Mediterranean Sea. The western part is characterized by very low EET values (5-12 km), while the eastern one has very high values (up to 67 km; Figure 2b ). This division is also visible in the seismic tomography model ( Figure 4a ) and likely reflects differences in age and temperature. The Western Mediterranean is younger than 10 Myr and characterized by surface heat flow values >200 mW/m 2 , while the Eastern Mediterranean lithosphere is older than 200 Myr and characterized by surface heat flow values <50 mW/m 2 (Davies, 2013) . The
Eastern Mediterranean consists of several blocks, including the Adriatic plate, which are remnants of the Neo-Tethys ocean. They formed in the late Paleozoic and formerly connected to the African plate (Garfunkel, 1998; Schattner, 2010; Schattner & Ben Avraham, 2007) . The eastward decrease in EET in the Levant basin can be interpreted by the presence of a transitional type of the crust along the Eastern Mediterranean seashore (Ben-Avraham et al., 2002; Granot, 2016; Netzeband et al., 2006) .
A strong difference in EET is also found between the East and West Great Caucasus. The West Great Caucasus is characterized by low EET (10-15 km), while in the East Great Caucasus, the EET reaches 50 km. Ruppel and McNutt (1990) already identified this difference based on an analysis of several profiles of the Bouguer gravity and topography. The formation of the Great Caucasus at the boundary of the strong East European plate is the likely cause of the larger EET values with respect to the other European collision belts. Several studies (e.g., Forte et al., 2014; Koulakov et al., 2012) suggest that the lithospheric root under the West Great Caucasus delaminated and sank into the mantle. The ablation of the strong part of the lithosphere led to the formation of a slab-less window filled with hot asthenospheric materials and, consequently, to a reduction of the lithospheric strength. In contrast, the colliding plates in the East Great Caucasus are coupled, and the strength of the lithosphere is high, as shown by our results.
Conclusions
We used Bouguer gravity anomalies and topography/bathymetry corrected for the effect of density variations within the sedimentary cover to estimate effective elastic thickness of the lithosphere for most of Europe and adjoining southern collision belts. We found that correcting for sediments considerably suppresses the effect of unexpressed subsurface loads and reduces the estimates' uncertainty. Addressing the sediment effect may principally change the estimated EET in areas with negligible variations in topography/bathymetry. In most cases, for example, in the northern part of Central Europe and the EEP, this effect causes a significant reduction in EET values. The reliability of the EET estimates is supported by their better agreement with previous values obtained from the lithospheric strength model (Tesauro et al., 2009) . Therefore, we conclude that considering of the effect of sediments is essential for correct determinations of EET in the areas with insignificant topography/bathymetry variations.
The main results for the study area are summarized as follows.
• The TESZ clearly divides areas with predominantly high values of EET (northeastern part of the study area) from those (Central and Western Europe) characterized by strongly reduced EET values.
• The EEP is also characterized by substantial variations in EET: the northeastern part shows very high values exceeding 70 km, while in the southwestern part, the EET is reduced to 40-50 km in the Ukrainian Shield and even to 20 km in the Dnieper-Donets Rift and surrounding areas.
• The lithosphere of the Mediterranean Sea is divided into two parts, the western one characterized by low EET values similar to the plume affected regions, while the eastern one, connected to the Adriatic plate, shows very high values (> 55 km), reflecting differences in age and surface heat flow values.
• The EET is generally low in the collision belts in Western Europe. In contrast, the lithosphere of the East Great Caucasus shows high values (>50 km).
